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LABORATORY OPERATIONS

The Laboratory Operations of The Aerospace Corporation is conducting
experimental and theoretical investigations necessary for the evaluation and
application of scientific advances to new military concepts and systems. Ver-
satility and flexibility have been developed to a high degree by the laboratory
personnel 1n dealing with the many problems encountered in the nation®s rapidly
developing space and missile systems. Expertise in the latest scientific devel-
opinents is vital to the accomplishment of tasks related to these problems. The
laboratories that contribute to this research are:

Aerodynamics and Propulsion Research Laboratory: Launch and reentry
aerodynamics, heat transfer, reentry physics, propulsion, high-temperature
chemistry and chemical kinetics, structural mechanics, flight dynamics, atmo-
spheric pollution, and high-power gas lasers.

Electronics Research Laboratory: Ueneration, transmission, detection,
and processing of electromagnetic radiation in the terrestrial and space eavi-
ronments, with emphasis on the millimeter-wave, infrared, and visible portions
of the spectrum; design and fabrication of antennas, complex optical systems,
and photolithographic’ solid-state devices; test and development of practical
superconducting detectors and laser cevices and technology, including high-
power lasers, atmospheric pollt tion, and biomedical proviems.

Materials Sciences Labo atory: Development of new materials; metal
1n2trix composites and new for ms of carbon; test and evaluation of graphite
and ceramics 1n reentry; spacecraft materials and components in radiation
and high -vacuum environments; application of fracture mechanics to stress
corrosion and fatigue-induced fractures in structural metals; effect of nature
of material surfaces on lubrication, photosensitizztion, and catalytic reactions;
and development of prosthesis devices.

Plasma Research Laboratory: Reentry physics and nuclear weapons
effects; the interaction of antennas with reentry plasma sheaths; experimenta-
tion with thermonuclear plasmas; the generation and propagation of plasma
waves 1n the magnetosphere; chemical reactions of vibra‘ionally excited
species in rocket plumes; and high-precision laser ranging.

Space Physics Laboratory: Aeronomy; density and composition of the
atmosphere at all altitudes: atmospheric reactions and atmospheric optics;
pollution of the environment; the sun, earth's resources; meteorological mea-
surements; radiation belts and cosmic rays, and the effects of nuclear explo-
si1uns, magnetic storms, and solar radiation on the atmosphere.
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I. INTRODUCTION

The chemical kinetics of the hydrogen halogen systems has becn the
subject of study for about six decades. More specifically, interest in the
reactions betweea hydrogen and bromine dates back to the classic studies in
Bodenstein's laboratory in 1906. The early work, however, concentrated on
reactions predominant in a starting mixture of hydrogen and bromine; the
dissociation of HBr did not receive attention until a decade ago. In this
Laboratory, as part of an extended series of investigations of the behavior of
hydrogen halides behind shock waves, we previously studied the dissociation
of HBr in Ar over the temperature range of 2100-4200°K, using IR emission
and UV absorption techniques [1]. It was necessary to invoke a low activation
energy (compared with the HBr bond energy) in order best to fit the HBr dis-
scvciation data. The activation energy was found to be 50 kcal/mole. HBr
was aiso found (o be about 15 times more efficieut than Ar as a collision part-
ner in dissociating HBr. In deducing the values for HBr dizsociation rate
coefficients, it was assumed that the rate coefficients for the othcr reactions,
{2)-(7) of Section 1V, were sufficiently well established to be accepted witicut
reexamination. It was be:’-ved that a detailed inquiry into the validity of that
assumption was unnecessary L .-ause, under the experimental conditions of
those experiments, the disappearance of HBr was determined almost solely
by the direct dissociation reaction.

The purpose of this further study was to determine if the apparent activa-
tion energy more closely approaches the bond energy of 88 kcal/mole as the
temperature is extended downward. At first, the results of the present
experiments were taken to implv that it does. However, as the temperature
is lowered, the kinetic analysis of the data becomes more comy’icated. The
hig.. temperature chemistry is sensitive to only the dissociation rate coeffi-
cient, but at lower temperatures, the Br, dissociation rate and the HBr + Br
exchange rate play important roles. When these rates were adjusted to bring
computed reactinon profiles into agreement with experimental ones, it was
also possible to fit the higher temperature data reasonably well with an HBr

disscciation activation energy of 88 kcal/mole.

~1-




II. EXPERIMENTAL

The shock tube and related equipment have been described in earlier
work [2]. In all of the experiments reported here, undiluted HBr with a
cylinder purity of 99.8% was used. Noncondensable gas cortaminants such as
air were removed by one distillation step «.f freezing with liquid NZ'

In our previous study of HBr dissociation kinetics [1], we foliowed the
HBr concentration change by measuring the IR emission and UV absorption
of the HBr molecule. The present experimeats were in a temperature range
where the equilibrium degree of dissociation is relatively small and HBr con-
centration is no longer a sensitive indicator of the progress cf the reaction.
Therefore, a third spectrophoton etric technique was used thai involved moni-
toring the radiative recombination emission i~ the visible from Br atoms.
This technique has been reported by several other workers: Palmer [3] with
Br,, and Araujo [4], Lawrence and Burns [5], and Westberg [6] with HBr.
These works demonstrate conclusively that the r1adiative recombinaticn emis-
sion is proportional to the square of the Br atom concentration.

Measurements were made simultaneously at three wavelengths, 5670,
6000, and 6330 ng, from ports located around the perimeter of the shock tube
at the same axial pesition. Threc identical optical systems consisted of a
sapphire shock tube window, a Suprasil collecting lens, an Optics Technology
interference filter (25 A bandpass), and a RCA Type 6903 photomultiplier.
The primary wa.elength for data reduction was 6330 zgx because of the expected
small temperature dependence of umission intensity and the negligible absorp-

tion by Br, at this wavelength [7].

receding page blank




11I. DATA PRESENTATION AND ANALYS.S

The Br radiative recombination emission was recorded at three visible
wavelengths during 33 runs when 190% HBr was shock heaizd to teinperaturcs
of 1450-2300 °K and pressures of 1.0-6.3 atm. A typical oscilloscey - trace
is shown in Figure 1.

The 6330 A wavelength emission was selected for detziled reaction pro-
file analysis because of the extremely small temperature dependence 3hown
in Figure 2. The slope of the temperature dependence and the experimentz:
scatter are approximately the same as in Westberg's results [6] at 6200 A.
Thus, the measured intensity was set proportional to [Br]2 without further

correction for temperature variations or Br, absorption.

2
By replotting the emission data in a slightly different manner, the slope
of the temperature dependence could be used to deduce the electronic states

involved [8]. This was not done in Figure 2 because of the extremely small

temperature dependence and the possible resultant large error from the scatter

shown. Therefore, the assignment of electronic states and choice of banded
versus continuum emission are nof discussed here. For purposes of this
experiment, it is sufficient to establish that the measured emission is pro-
portional to the square of the Br atom concentration,

Seven experimental Br atom profiles chosen from more than 30 runs are

shown in Figure 3.
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Figure 1. Experimental Records for Run with Initial Temperature and
Pressure Behind the Incident Shock 1548°K, 1.87 atm; and
Equilibrium Ter.perature and Pressure 1488°K, 1.89 atm
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W, DATA ANALYSES

For each run, z plot was made of the experia 2] valne of [Brj as 2
fpmction of labotstory time. Analysis comsisted of etforis to maich these
plsts by the approzrizte selectica of rate coetficierts for the fo’loxing
reactions:

(1) HBr%Ml =< B':%M.‘
23 H & HBr = i, ¥ Br
) Br ¢ HBr = Br, + H
(%) Br # Br + M, = Br, ¥ M,
() Br ¥ Br £ M3 = Brz s MS
(6) Br ¢+ Br # M’.; = Brz ] Mq
(7 HeHE M, = B, # M,

b | 1 and MS are actazlly of the form T aixi, where the sunmmaztion is over 2li
3

species present. i M, = Br, and Mz is 2 weighied summeation over

3 = Bry. M,

all other species. The coefficient 2. represents the efficiency of species X,

a2s chaperone in the indicated reaction. in these experiments, dissociation of
HBr was never more than 10%, [Brzi was alxays much smaller than [Br}, 2nd
[H] was 2lways much smaller than [HZ]. Thus, it is necessary to sum .\!; and
MS over HE+ and Br only, and 3, can be taken as just HBr. Hydrogen a2tom
recombination was insignificant under a1l experimentzal conditions. Thus, reac-
tion (7) does not need to be discussed further, although it was taken into account
in the calculations, and the rate coefficients usea were the same as in earlier
work [2]. The rate coeflicients used for reactioas (2)-(7) are discussed in the

following section.

-9
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V. BRIEF REVIEW OF RATE COEFFICIEXTS FOR THE HBr SYSTEM

Although mm-i: work has beem done o the reactioms in the kydrogem- ?
bromine systemm, amd several reviews kave beer publisked [9-12]). the litera- ,
tore is suck 2 confusimg collection of errors. estimates, assumptions, and :
mrasurerents that we beliexe anothker overview is im order. Becanse of the
ieterrelationskips in the experimenta! determinations, 2 discussiom of the rate
coeiiiciemts falls maturally imto two sections: the excharge reactioms, reactions
(2) and (3), 204 the recombinztion reactioms of bromine, reactiocs (4)-(€).

Reaction (7}, the recombimztion: of kydroge= atoms, is not discussed fusther
bere.

A EXCHAXGE REACTIONS

The first kinetic imvestigaticns of the jormatios of HBr from the ele-
merts comstituted the classic stody cf Bodensteir and Lind [13] in 1906. They
investiga* -G the thermal reaciior vver the temperature ramge of 493-374 K.
F.r 13 years, the complicated kinetics was not explained mechanistically
until Christiansen {14], Herzfeld {15}, and Polany: [16] independently pro-
posed the pow accepied mechanism that constitutes reactions (2)-(6). The
rate law deduced, 2fter somwe irial and error, bty Bodenstein and Lind is

. 1/2
&qHBrl _ :exleZHBrZ!
at . 1 [HBr]
m {Br, |
where
L A2 ]
exp " 2¥ 2K . mek ik,

{The notation K
a.b

be obtained by assuming m = 10. Their values, where computed for k .

signifies ka/kb.) They found that reasonable results could

-11- ' i m“
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appeared to be. withinm experimental crrvr, true Fate coefi irails and were
indeperndens of reactant or product concentirations. ! Bodemsteim and Lind did
oot extract am amalytic expression for k from their data mor comvert their
results to standard crits. These tashks were lefl to later imterpreters, of

whom there have beem many. who have mot always agreed with ome another.

The expression obtzimed for k"? by Bodemstei= and Litkermeyer [18] is

2

2 - - #3309
& ({ccll"ml 'lzsec 'ﬂ e 0.3751og T + 13_480

2
2 Kppn

2055x 101 ¢ 2.36x 10782

The vzice of &, c2m be extracted from k if ome knoxs the equilibrium
comsiam for Br dissociztzon/recombinztion, E; _=- Tkis was dowe by
Bodensteim 2md Lithermever, wio obtaimed

)

tog & , : 13862 - 17_64/8,°

which fitted the exper:mentzl] datz within % 2t 21! temperateres. By using 2
revised valve for m thased or Bodenstein 2nd Jumg [ 19]) and more modere
the ronodymamic Gatza. Brittom ané Cole recomputed k_z from the data of
Bodenstein 2nd Lind 2nd obtzined

log x , = 14.357 - 19. 3i/e .

18 ritton 2nd Cole [17] claim that m 2cteally varies from about 7 to about 12
nith the rzt:o of HZ Brz. but we have been unable to find evidence for such a
stztemrent. In any case. as they note, since a2 20% error in m induces only 2
3%, error in kcxp’ the values reported by Bodensteir and Lind {12] for the

latter rate coefficient are still salid.

ZThe results »f Kassel {°]. White {12]. and. according to Pease {10].

Schumacher (Chemische Gasreactionen. Dresden, 1938, p. 414), are incorrect.

-

h)

€ 2.3 RT/1000.

-12-
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Bodrastein and Jung [19] studied the photockermical formatiom of HBs at
303 and 3575 'K and odaimed m - 8. 61 2 0.3 a1 the lower tlemperature and
$ 22 3 1 a1 the higher temperature. They concluded that m was temperature -
independent, and their tream xvalue of 8.4 2 0.2 kas been wied by many later
workers as the establisked ratic of l’cJ!kZ- leceu.ly, however, Sullivaz [ 20]
reexamimed the work of Bodemsteis and Jung tx light of Ris owm photockenical
studies and concluded tha! they did not measure “-3"2 at all, but rather the
te rmuolecwizy reaction

¢Z) JBr & “Z = ZHBr .
This reactiom is megligible im thermal systems im comparison with the acceted
chaim mechamism.

Back, Borhoeffer, and Moeluyr-Hughes [ 21] studied the reactics ob ot
l)Z and “Z witk bromime, the latter 2. 3899-612°K_. After recomputing inot geite
correctly) the previous data [13], they found close agreemert between the re-
sults of Bodenstein and Lind and their own Br + “Z resalts. However, Fettis
and Kmox [22] bave guestioned their relative results for H, and D, o theoret-
ical grounds and or the hasis of the amalogous HZIDZ rates witk Cl atoms. The
d2t2 < f Back, Bozboefier, 2nd Moclwyn-Hughes [21], and 2lso of Bodenstein
2nd Lind [13] were recomputed correctly by Pease [10], aho used revised

thermodynamic data for the Br,/Br equilibrium. From Pease’s recaiculations,
we T2E compate
14

Bodensteir and Lind: &k, - 10 '6exp( -20, 100/RT)

Back et 3b.: k, = 16" -2 expl_15,200/RT)

Steiner {23] mezssured the value of k, by studying the ortho-para H,
conversion := the presence of HBr in the temperature range of 821-984°K. In
order to extract the desired rate ccefficicnts, the HZI H equilibrium constant
must be known. A modera value for this yives results for kz that are about

20% larger than Steiner calculaied, and therefore results for k 2 that are

,m,_-_s\l

B e nonkes Rekor th ¢ ool D2 55 mommetie

agel 6 S rstanp e




Sy —

about 207 larger tkaa Fettis and Kuix gave in their graphk of the varions

experimental reswlts.
A review of the literature of tie §1740°s and 1930"s reveals several other

estimates of h-EﬂZ‘ many of wikick kFaxe later been mistaken for measuremesnts.
Cooley and Andersoe [21] asse—ed 3 valwe of $_4 m evaluating their H, - Br,
flame studics. Likewise, Levy [23] assemed te same value in his high-
termperature (0% -1470°K) flow studies. Britton and Davidsoen [26] reported
shock tube studies over the termperature range of 100-1500°K and found the

ratis to lie i» the ravge of 5-15.

Brittos zad Cole [17] exarmimed the reaction betwees H, and Br, in a2
shock tube between 1300 and 1700°K. By momitorieg the Brz absorption
spectrometricaily during the course of cack Tum, they were able to calculate
the coaceztratisas of products az< reactasts as functions of time. From
these they chisimed a5 eaperimestal rate conficie=t & = k11 & miHBr)
(BrZ)B_ I= separate experimerts, siock waves were passed through mixtures
of HBr and Brz. az the course of reactiom monitored as before. If the ratio N
of k-3lk2 ant the equilibriun consia=t for Br, dissociation are kmown, the twc
sets of experireats give direct measurcs of k_z and k3, respectively.
Actualiy, Brittom and Cole did mot assume the value of k-;‘sz to be knoun,
but varied it-in order ¢o obtai= the most consistert set of rate coefficients.

At 1300°K fhey found the ratio to vary from 9.3 (for mixtures of 1% HBr)
to 12_7 tior mixtares of 2% HBr), with an average value of 11_1. At 1700°K,
it varied from 8.3 (1% Hir) to 8.2 (2% HBr). with ar average of 8_4.

Tke two most reliable determinations appear to be the recent ones of
Fass {27] and Vidal {28]. Fass studied the competition between HBr 21d Br,
for H atoms produceé by HBr photolysis in the presence of Brz at 300-523°K.
Combining his results with the high-temperature data of Levy [25], Cooley
and Anderscn [24], and Britton and Cole [17], he deduced the value of

k_j/k, = 6.8 expl800/RT) .

-14-




Vidal [ 28], wsimg essentially the same procedure as Bach, Boshoefler, and

AMoelwye-Hughes [21], studicd the rate of formatioz of HBr from mixtures of
H, and Br, over the temperature range of 508-566°"K. His values for kzlk.3
lay in the range of 10_7-14_.4. When kis results are added to those of Fass, :
and the wereliability of the kigh-temperamure determinations is taken into :
arcosnt, a slightly differest value for kzlk.3 appears preferable: :

k_y/k, = 5.2 exp{1100/RT) .

These Arricentvs parameters fall vicely betweea those for Cl and | as tabulated
by Fass. Tlis equation for m gives values of 9 and about 6.8 at 1000 and
2000°K, respectirely. Usimg this revisea expressicn for k-3lk2. and modern
the rmodyzamic data, we caz recompute the value of k_, from the data of
Bodenstein and Lind and obtain -
13_73

k,=-10

2 expl -17.900/RT) _

Except at their highest temperature, the scatter in Bodenstein and Lind's data
is or the order of 2 few percent. if we reject some >f the high-temperature
resclts that appear to be spurious, we obtain

x_, = 10377 cxy_18, 500/RT).

The value of k-Z was first determined from kexp by Bodenstein and co-
workers, as indicated above, and recomputed by Britton and Cole [17] with
revised thermodynamic data. Later measurements were made by Bach,
Bonhoeffer, and Moelwyn-Hughes [21], Steiner [23], Levy [25], Britton and
Cslc [17), Britton and Davidson [26], and Vidal [28]. The results were re-
viewed by Fettis and Knox [22] and more recently by White [12]. On the basis
of the data of earlier workers (13, 17, 21, 23, 25]., 2nd taking into account the

expected difference between k_z and the analogors k for the D + Brz reaction,

R i




[o—————

Fettis and Knox concluded that the rate coefficient is

k_, = 10" B i 19, 700mT)

More recestly, Vidal has combined his results with"those of Bodenstein and
Lind [ 13} and Bach, Bomhoeffer, and Moelwyn-Hughes [21] to obtain
14.13

kK ,=10

-2 expl-18, 400/RT) .

Although the discrepancy between the two equations lies wifhin the experi-
mental scatter when extrapolated to temperatures above about 700°K, the

low -temperature discrepancy does not, and Vidal's results are consistestly
larger than the earlier results [13, 21] by about 2 factor of 2. The caly re-
sults above 1000°K are those of Levy [25] and of Brittom and Cole [17]. There-
fore, the ramge of uncertainty im their measurements is worth noting. Levy's
data, as shown in Figure 5 of Vidal [28] or Figure 1 of Fettis and Knox [ 22}
lead to 2 ramge of values fork_zofmoreﬂn.o-eoxﬂerofmgnihdeinthe
temperature range of 1000-1470°K. The results of Britton and Cole [17]
indicate an uncertainty of about 50% in their temperature range.

In our calculations, we use the rate coefficient in the form recommended
by Fettis and Knox. However, the preceding discussion should make it clear
that, throughout the temperature range of our experiments, there is an un-
certainty of 50% in k_,. andhence ink, and k_;.

By using thermochemical data from JANAF tabies [29], ome can fit the
equilibrium constants KZ, _pand KB, _3 within 5% throughon; t:!;:stemperature
range of our experiments by the expressions K_3' 3 = 2.44T expl -42, €37/
RT), and K, , = 0.537T -0-055 _ p(16,784/RT). The previously discussed
values for k_, and kzlk_’3
atom transfer reactions in the HBr chain. It should be noted, h»wever, that
if the value of Fettis and Knox for k_z is combined with Kz. -2
value for kz is somewhat larger (!;y33 factor of 3.8 at 2000°K ard 4.3 at
1500 °F) than the value of 1.5 X 10 ~ exp({ -900/RT) reported by Thrush [30].

can then be used to obtain expressions for the other

the resulting

-16-
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Thresh also reported 2 valve of 1.5 X 10" exp{ _900/RT) for k . which was
presumably based on the Bodenstein and Lind value of 10 for m, the ratio of
k_;lkz- {Both values given by Thrush were reierenced to Bodenstein and
Muller [35] and to Jost [32]). However, the former authors reported only ¢cn
the rate of BI’Z dissociation, whereas Jost simply repcrted the value of m = 10
obtained previously and did not evalzate the individual rate coefficients.) In
our previous paper [1], we tased our choice of k_; on the value given by
Thrush. A value larger by approximately a factor of 4 would be more
consistent with the value used here for k_, ard the assumed value of

k_ IkZ = 10. In the caiculations described here, most of which were done be-
fore ¥idal's results were 2vailable, we allowed k_3 to vary from 1.5 to

6% 10> expl -900/RT) in order to obtain the best fit between computed and
experimental curves. In re.rospect, it appears that a better choice for kz

and k_3 would have teen

K, = 1.45% 1014y -9-055_-2.920/RT

k , - 7.5 10447 0-055,-1820/RT

The latter equation for k-3 gives numerical values that lie within the range

of variation allowed in our computations.

B. DISSOCIATION -RECOMBINATION REACTIONS

The dissociation of bromine molecules has been measured by many
investigators under a variety of conditicns and in the presence of various
different chaperone gases. The results of workers for those M gases
pertinent to the experiments described in this work are listed in Tables 1-4.
Data for M = Ar are included, even though our experiments were conducted
in pure HBr, because the only estimates for the dissociation rate in tie
presence of M = HBr are relative to the rate for M = Ar. Thus, it is impor-
tant to establish the latter rate as accurately as possible.

The reverse of the dissociation (the recombination of Br atoms) has

been studied independently by several workers. It had been generally assumed

-17-
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Table 1.

Bromine Atom Recombination for M = Ar

Bevear Towmp.. K k. cc/mele-ve: Techngue
§ . Faretowstan st H, L. Lotaae® 08 2.5 x 101 Equilibrium
L. Saterewmas ane ¥, C. -«4. asserplion
>, L. Streng ant I, E. Willare® 300 2.8x 50" Recombinstion,
abserption
. Brszes 20t . Dassdosa’ 1690 3. 4x xo" Dissocistien,
abserption
W. B, Falwer 2a¢ D, F. Horass 130 1.0x j0t? Disseciation
2202 1.0x w” abserption
. L Streag. F.C. W, Chsen, 300 3.73x !0” Recombination,
bRl wral se 1. K. Willerd a1 1.4 0% sbsorptien
B, e Coavens, Jr., sad ). EL wWellare® o0 z.0x lo“' Recombination.
400 1.3 30'% 2tsorption
o, Prete® 13%0 aexgo*t Dreseciation,
1800 z.3x 10 shsorption
. Purss ant D. 1. Horarg® 300 2.3x 10'% Recombination,
*50 s.2x 10" sbsorption
D, Beemen aet K. 32, Cole’ 1300 3.ax g0t Recombination
14 and dissociation,
1700 2.9%x10 absorption
© K. Baela ard M. L. Streag® 300 2.7x g0!® Recombination,
absorption
C. L. loknsen and D. Briszen’ 1500 2.2x 10" Dissociation,
5900 1.5% 104 absorption
1, Rarstay™ 1200 J.ax m“ Dissociation,
1900 1.5% IO" absorption
T. K. Lesrence and G. Borns” 1400 2.5% 10%¢ Bissociation,
2400 0.6x 10" emission
Lk R lpand G Burne® 300 2.6x10'° Recombination,
1273 2.0x IO“ ubsorption
K n. Hoyd G. Burne., T, R, Lawrence, 1350 1.ax o't Dissociation,
and Lippati? 2400 6ox1o'? emission
S. Rurne? 300 Jox lols % ecombination,
absorption
N, A, ZeGraff and K. 1. Lang” 300 2 2x10'® hecombnation,
absorption

*Irans Faraday Soc.. 31 689 (1935)

PLrans Faraday Soc . 32 907 (1936).

€Abstracte, Am. Chem. Soc. Meating, 1954 p. 26R,

%31, Chem. Phys , 25 810 (1956).

€3, Chem. Phys , 26. 98 (1957),

{5, Chem. Phys.. 26. 1287 (1957).

*1_Am. Chem. Soc. 81, 4773 (1959).

Py ihys. Chem., 64 742 (1560)

‘Canad 1. Chem 38, 1702 (1960).

73, Phys Chem , 65 1302 (1961).

*1_Phys Chem . 67, 521 (1963)

V1, Chem. Phys.. 38, 1455 (1963)

NAS4 TN D-3502, $966, aleo, J. Chem Phys , 54 4060 (1975}
"Sixth International Shock Tube Symposium, 1967, also, Phys  Fluids,
Supplement 1, 109 (1969)

®Iiscussions Faraday Soc . 44 241 (1967) also, J. Chem Phys ., 49
3822 (1968)

Pt (hem. 'hys . 49 3804 (1968).

S anad_1_Chen. 46 3229 (1768)

Fi_ihya Chem., 74 4181 (1970}

b not corrected for effect of Br,




Table 2. Bromine Atom Recombination fqr M = BrZ

Temp., k, cc/f
Worker ‘K mole-sec Technique
M. Bodenstein and W. Muller® 300 Indirect
H. B. Palmer and D, F. ’mrnigb 1600 1.2 % 1013 Dissociation;
1000 1.0x 10'>  absorption
W. G. Givens, Jr., and I. E. Willard® 300 260x 10'>  Recombination;
400 100 x 103 $bsorption
M. T. Chrnistie, R. S. Roy, and B, A. ‘I'hrushd 300 48 X 1015 Indirect;
absorption
D. Britton® 1600 3.0 % 1015 Dissociat:on;
absorption
G. Burns and D. F !-Iornigf 300 <50 X% 1015 Recombination;
absorption
M. R. Basila and R. L. Strong® 300 49 x10'®>  Recombination;
absorption
1 G. Burns” 300 43 x10'®>  Recombination;
absorption
R. K. Boyd, J. D. Brown, G. Burns, and 1000 6.0 % 1015 Dissociation;
b : J. H. Lippatt} 3000 ~0.03% 10> emission
J. K. K. Ip and G. Burns) 825 4.2%10'®>  Recombination:
absorption
B. A. deGraff and K. J. Lang® 300 44 x10'>  Recombination:
absorption

37. Elektrochem., 30, 416 (1924).

PJ. Chem. Phys., 26, 98 (1957).
©J. Am. Chem. Soc., 81, 4773 (1959).

dTrans. Faraday Soc., 55, 1139 (1959).

€J. Phys. Chem., 64, 742 (1960).
fCanad. J. Chem., 38, 1702 (1960).

7. Phys. Chem., 67, 521 (1963).
DCanad. J. Chem., 46, 3229 (1968).

'3, Chem. Phys., 49, 3822 (1968).
Jj. Chem. Phys., 51, 3414 (1969).

Kj. Phys. Chem., 74, 4181 (1970).
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that the separately measured dissociaticm and recomt” -atioa rate coefficients
were related, under all experimentally at?aimable conditjons, by the theyrmo-
dynamic equilibrium constant. Recently, Barns and co-workers [33-36] have
compared dissociation measurements made by following the disappearance of
Br, through absorption spectroscopy with those made by moniioring Br atom
formation as determined by two-body Br recombimation emission. By
comparing the temperature r:gime where the two types of measurements
overlapped (1309-2000°K), they found agreement above 1600°K but ngted that,
belcw 1500°K, the rate coefficients obtained irom the absorption measure- .
ments were consistently larger (as much as a factor of two) than those obtained
frem emission studies, with the discrepancy increasing as T decrcased
(Fig. 4). In addition, théy found that the emission measurements implied
recombinztion rate coefficients ihat were related to the dissociation rate
coefficients by the equilibrium constant, whereas the absorption measure -
ments did not. They proposed a theory to account’for these isteresting
observations. We skould note that, according to our conversion of Warshay's
data [37] from dissociation to recombination rate coei’ficients, at the highest
temperatures his results yield smaller rate coefficieants than those of Burns
and co-workers as shown in Figure 4. The discrepancy appears to be signi-
ficant, contrary to the report of Bdyd et al. [34] that, 2t high temperatures,
the absorption and emission techniques yield identical results. However, this
only strengthens the conclusion that the temperature dq;endences of the two
techniques are significantly different. :

Although we are not confident at this time that the theoretical implica-
tions of the foregoing facts are resolved beyond dispute, we would expect the
results obtained by the en;ission technique to be more appropriate to our work
inasmuch as we also followed the course of the reaction by bromine atom-atom
emission. _

In the temperature regime of interest here (1400-2200°K), the shock-_
tube emission data of Boyd et al. [34] (see their Figure 4) can be fitted within
about 20% by the expression log k_, = 20-1.8log T. In our zarlier paper {21,

the value of k, reported by Warshay was chosen for the computer calculations,

4
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Figurc 4. Experimenial Rate Coefficients for Bromine Atom
Recombination in the Presence of Argon as
Obtained by Various Workers
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wiz.. ky = 2.08% 100 012 i 31 500/, This ted o> vatues Wik
sﬁng!ﬂyamr«hra factor of 1_6 a2 1597 X) than Bhese gives by e 2bove
eqgration below 1600°K and slightly s=ailer hove 1665°K. Howerrry, in
artermpling to matick the experirrentsl profiles. we foand that the expression
of Boyd et 2l punhesoﬁ'k"!buwtummﬂd&bvddm
termge ratore rasge. Therefore, ave retoraed to the expression of ¥2rsiay.

Becaxse iz this work we xoe¢ ia’c'stn‘tdhk‘-il&!! = HBr rathe~ thar
Ar. f1 is mecessary to hmow the rrlative efficiencies ef HBr and Ar. As tmdi-
cated iz Tables 1-4, there is 250 vevy smch izformatron o HBr efficiescy.

Ar room temperatere, the dat: %2 Bodezsein and Jumg. as rrimierpretzd 2a2
recalculated by Sallivan, indirais that kg fk" = 2.& 1he ‘igh-temperatar.
resulls arc guite imprecise. Briitc= amd Cole fornd an approxinate va‘ve for
the ratio of 1.1-1.3. Westerg zad Creene [38]. in ordes to matck theis ex-
periments with compater-generstrd profiles. requizred a ratis of appr xin>4: hy
3. where k“' was the resch of m work o! wasruy [38). We begam our co-
puter czlculztms 2sseonimg that ‘k Ii' z £ and thes varied ‘2at vaize to
obt2in the optimam fits_

Although k5 and ":6. the dissociatiom rate corificiexts for Brz in the
preserce of Brz and Br, respectively, are subject o some umcertainly, am
examization of the experimertal conditions of the raricus rcas indicated that
neither of these two reactions was sigrificant in ary case. For example, at
the low end (14007 K) of the temperature regime, the extent of HBr dissociation
WPT - 106 would be required

in order for reaction (o) to contribute to the chemistry. Boyd et al. [3)]
38._-7.3

never exceeded 1%. Therefore, a value of k6lk

reported 2 value of X, = 8.8x 107°T ., which m\plxes a value of k Ik = 30
at 1400°K (assuming the emission-measured value for k4 ). However, Ip and
28_-4.3

Burns [36] later preferred k, =7.1%x107°Y , which is smaller by about a

factor of 3 at 1400°K. Since k:'B'Ik p

probably close to 3), it is apparent that reaction (6) will contribute less than

is certainly greater than unity (and

0% (and probably less than 10%) to bromine dissociation, a fraction that is

easily lost in the uncertainty of k At the high end of the temperature ronge,

pe
i.e., 2300°K, decrcasing to 1900°K by the end of the run, the fraction of HBr

-24-
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&sseciated agprenched 10%. A& this tewgerature. Bopd ¢t 3l repested
K /537 - 3: Ip asd Buras repovied abeat the same xabve. For such rues. our
avalyses sever extendied 35 far as egnilthetnsr. Thes. agaie the cswtriiation
of reaction (6} was less thas the ancertatety oy the rate of reaction (4).

Iz 2l] exr experimeents the conceriration of Br,, was less han 30% of thas
of Br ateres_ S-tcislkbmmdykssa&m!:n;tmoﬁm
(3) coxid he igneved ir all cases.

The possible contribaticas of M - £ and M =!:2u5rzwi-u

remate to be constdered. mmdnzas”nngm
saller tham that of Br. The caly available experizental dafa on i are 22
m:wmwww&?”zm‘m’:tﬁ. Therefsre, we can
expect 3o imgortant cifect iz oxr calcelations from H, akinowd® we do teclude
ummmwmmmbm;mmmw-
The conceatration of H atoms is always less tham that of Br atoars by 2 Sactor
of 3010 10%. Therefore, we meglect aay possible comribmion. Thas, we are
M&dychpm*ckstwmr&-&esmﬂyubrzﬁsmhm
i® our experiments s HBr.




TI. RESTLTS AND CONCLISONS

b ox= earlier week e H3r disseciatine. ever fhe tevpesatsre range of
2100-R0I°K, it was fownd thae the datz were fitied srach betier by a2z activa-
tier evergy for HEr scissier ol 38 kical/mele thae by ene of §8 kcai/mele. s
HEr hend strevyh. Hewerer, winex rates B or C of [1] were agplied so e
data fren the zresent study. conducted over 2 temperature raape of 1450~
23N K. 2 was Soont teat the expericvental sypearance of Br aisars sas seach
slower thar the caloalatiors inficated. This implied that the 38 kcalf=ele
value was sot apprepriite iv this low texrperature rasge (Figs- 5 and 6). On
the otfeer Tané, rate A, mmmuwwﬂ“mcau&!
b2d 2= £2 kealimmole 3stivation cxergy aad 2 lower efficiency for 3 = HBr,
could 3ot 1t the G213 eiter. Mm‘&pwm‘k‘&
not heip suficiestly. Er order to fit the Br atoe: profiles. it was aecessary
to alter oxe o three rale cocfficiests, or somme coethbination of the three:
eiherkl. ks. ork‘;&szaémbeincrasedaﬁeluudoithew
ra=ge (1430 1300°K). This implied that the activation emergy for HBr dissocia-
tiox was slizgitly less tiee= 83 kcal/mole, possibly near 80 kcal/mole, or tha:
the valuves assumed ‘or ky and ky in our earlier work [1] were incorrect.
The resulis of 2 lexgthy series of curve matckiag and parameter variat o= :
1o the comclusions that the experirmental datz down to about 15530°K counlé de
fitted fairly well by rate constant X listed in Table 5. The significant differ-

8.

ences between rate X and the previous best rate C are: (1) the activation
energy k, is ra:sed 1o 88 kcal/mode, and the ratio of efficiencies, kl.!Br,k?r‘
reduced from 15 to 3.75. {2) k_;is four times the previous value, which is
the upper end of the variation considered in Section ¥, and (3) kS is unchanged,
which means hat 1f the emission data of Boyd et al. for estimating k‘:r were
correct, then k?Br/k':r

between experimentzal profiles and several computed profiles for two represen-

= 1.5. Figures 7 and 8 illustrate the comparison

tative runs. In order to {it the data between 1550 and 1450°K, it was necessary
ry

either to increase ':(4 by 2 factor of 2 (rate P, Table 5) or more, or to increase

o skmae we s e

P

R N L o
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Figare 5. Comparison of Experimental Bromine Profile for Run 21 With
Computed Profiles for Various Sets of Rate Coefficients
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Figure 6. Tomparison of Experimental Bromine Profile for Run 26 With
Computed Profiles for Various Sets of Rate Coefficients
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(Br), mole/cc xm’
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Figure 7. Comparison of Experimental Profile for Run 42 With Computed
Profiles for Various Sets of Rate Coefficients
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Figure 8. Compa-ison of Experimental Profile for Run 728 of Ref. 1 With
Computed Profiles for Various Sets of Rate Coefficients
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k_3 by a factor of 2 (rate T, Table 5). Either change reduced the fit somewhat
in the 1700-2000°K range. The change in rate T gave a set of rate coefficients
that fitted fairly well throughout the entire temperature range of the experi-
ments as well as the temperature range of our earlier work [1]. However, as

indicated in Section V, such a large value for k_3 is about 30% larger than the

probable upper limit of uncertainty as based on the results of previous workers.

Nevertheless, we believe that a value of k_3 larger than the previous ''best
estimate'' may be appropriate.

Another possible way to fit the low temperature data would be to lower
the activation energy for k1 by a few kcal/mole. An alternative explanation
for the recalcitrance of the data below 1550°K could be a systematic error
of about 2% in the temperature estimations of the shock-heated gas. Since
we cannot guarantee much greater accuracy than this in the temperature
measurements, we are reluctant to probe further into the fine details of the
various rate coefficients. Westberg and Greene [38] were able to fit their
HBr dissociation data (1500-2700°K) with the assumption that kIfBr./kfr =1
and k:r = 3. Their value for k_j closely approximates the value of rate T,
i.e., about two times the value of rate N. In other respects, their conclusions
agree with those given here. Our value for ki{Br is almost four times larger
than theirs, our kijr is about one-third as large as theirs, and our k3 is the
same as or one-half as large as theirs.

The coefficients of rates T and N were then applied to several runs
from our earlier work [1] to determine if they would f{it the data in the tem-
perature range of 2400-3800°K. In all but one case, the fit was reasonably
good, but could be improved by decreasing k‘?r by a factor of 4, Figures 8
and 9 show two of the high-temperature experimental profiles and the computer
curves generated by rates C, N, T, N’, and T'. N’and T’ differ from N and

T by the values of kf‘r:
N and T N’and T’
k?r: 1022.08T-210-88/6 1021.48,]:\-210-88/6
kBT 1T 3.75 15
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Figure 9. Comparison of Experimental Profile for Run 716 of Ref. 1 With
Computed Profiles for Various Sets of Rate Coefficients




3 shown in the figures, the sensitivily of the computed profiles to this

wriation of a factor of 4 is not great. Thus, we conclude that the best value

r kAr is 1021.78*0.3.1.-210-88/9

1 cc/mole-sec.
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